The solvent dependence of several properties of (2,2,6,6-Tetramethylpiperidine-1-yl)oxyl (TEMPO) is investigated by the reference interaction site model self-consistent field (RISM-SCF) theory. Time-dependent density functional theory (TDDFT) coupled with RISM-SCF-SEDD (spatial electron density distribution) is used to evaluate the n → π * transition energies and the results are compared to the reported experimental values.
I. INTRODUCTION
Radicals, both fleeting intermediates and stable compounds, have generated much current research interest [1] . Persistent nitroxide radicals are of particular significance because of their wide applicability in radical polymerization [2] [3] [4] and photochemical reactions [5, 6] . These radicals play an important role in biological systems as antioxidants, spin traps, spin labels and in magnetic resonance imaging applications and materials chemistry [7] [8] [9] . Interestingly, these radicals generally possess very low toxicity and are not mutagenic [10] .
One of the more widely used nitroxyl radicals is (2,2,6,6-Tetramethylpiperidine-1-yl)oxyl (TEMPO) [11] , a stable free radical compound first prepared by Lebelev and Kazarnovskii in 1960 [12] . TEMPO was the first nonconjugated nitroxyl radical to be synthesized and its persistent free radical nature has been attributed to the kinetic stability imparted by the presence of its bulky substituents [13] . The steric crowding around the radical center makes it physically difficult for the radical to react with another molecule [14] . Stable nitroxide radicals such as TEMPO are also well-known quenchers of excited singlet, doublet, and triplet states [15] .
TEMPO is widely used in the oxidation of several functional groups [16, 17] , particularly on its application in the oxidation of primary and secondary alcohols [18] . The excellent solubility of TEMPO in both polar and nonpolar organic solvents and water has also lead to its use as a standard base for the measurements of Lewis acidity of solvents by monitoring n → π * transition [19] . An earlier study [20] reported the TEMPO solvatochromism and electronic distribution through the time-dependent density functional theory (TDDFT) frame with the polarizable continuum model (PCM) solvation.
In this work we investigate the solvent dependence of several properties of TEMPO using the reference interaction site model self-consistent field [21] [22] [23] with spatial electron density distribution (RISM-SCF-SEDD) [24, 25] , an ab initio electronic structure theory that takes account of the solvent reaction field in molecular detail. This theory simultaneously optimizes the electronic structure of the solute in solution and the statistical distribution of the solvent molecules around it. In recent work, the method was applied to excitation energy of aqueous solvation of p-aminobenzonitrile over a wide range of thermodynamic conditions based on CASSCF and MCQDPT2 methods [26] . TDDFT coupled with RISM-SCF-SEDD is used here to evaluate the n → π * transition energies and the calculated results are compared to the reported experimental values.
II. COMPUTATIONAL DETAILS
Geometry optimizations and frequency calculations, in vacuo and in solution, basically employed BPW91 [28, 29] method based on the unrestricted treatment with the 6-31G(d) basis set. The effects from diffuse basis set, the functional in DFT and the long-range (LC) correction were also checked. The electronic structure of TEMPO in solution and the distribution of the solvent around it were solved in a self-consistent manner by RISM-SCF-SEDD [24, 25] . It combines ab initio electronic structure theory and statistical mechanical theory of molecular liquid. Total energy of solvation system is defined as the sum of quantum chemical energy of the solute (E solute ) and solvation free energy (∆µ) [23] .
Since the electronic structure of the solute molecule and the solvation structure around it are determined in a selfconsistent manner, the wave function of the solute molecule is distorted from that in the isolated state. Solvation free energy in the present framework of the theory (excess chemical potential derived under the hyper-netted chain (HNC) approximation) is given by
where h αs (r) and c αs (r) are respectively total and direct correlation functions between solute site α and solvent site s. β = 1/k B T , where k B and T are the Boltzmann constant and temperature, ρ is number density of solvent. Applying variational principle to Eq. (1), the Fock operator of the RISM-SCF theory (F solv ) including a solute-solvent interaction is naturally derived [23] .
It is well established that the N-O group is responsible for the absorption, and n, π and π * orbitals are generated from the combination of the nitrogen and oxygen orbitals. Both of n and π orbitals are doubly occupied and π * is singly occupied in the ground state of doublet state [20] . Excitation energies corresponding to the n → π * transition were investigated by TDDFT calculations coupled with RISM-SCF-SEDD method. Molecular orbital calculations were performed with the GAMESS [27] package modified by us. The RISM equations were solved with HNC approximation [30] at T = 298.15 K. All the Lennard-Jones parameters used in this work are summarized in Table I . The parameters employed for the atoms in the solute molecule were taken from the OPLS parameter set [31] . To describe the water solvent, the SPC-like water model [22] was used. Methanol [32], acetonitrile [33] , and dichloromethane [34] were also used as solvents.
III. RESULTS AND DISCUSSION

A. Optimized geometry
The optimized geometry of TEMPO is shown in Figure 1 and the pertinent structural parameters are given in Table II. As is well known, the ring elaborates chair conformation with C s symmetry, in which O1, N1, C1 and two hydrogen atoms lie in the symmetry plane. The calculations give good agree- ment to experimental X-ray diffraction data [35, 36] , although the bond lengths of N-O and C3-N are slightly overestimated. The geometry in aqueous solution is not significantly different from the gas phase one: The lengths of the C-C bonds are negligibly decreased (by about 0.002Å to 0.004Å) as well as the C-N bond (0.001Å). On the contrary, the N-O bond length is slightly increased (+0.004Å). As discussed later, this should be related to the specific solvation on the oxygen atom that is exposed to the solvent area. The weakening of doublebond character of N-O strengthens N-C and other C-C bonds. Anyway, the structural parameters calculated in the presence of water solvent have very minimal variation when compared to the values computed in vacuo. For this work, the general agreement between the calculated and experimental structural parameters should be sufficient to analyze trends in the solvation dependence of TEMPO's properties. Thus, to reduce the computational load, the gas-phase optimized geometry is used in the subsequent computations to assess the effects of various solvents. The pertinent data is shown in Table III . The computed values show reasonable agreement with the corresponding experiments though all of them slightly underestimate. A clear trend is seen, namely, the excitation energy is systematically blue-shifted with increasing polarity of solvent. As for the choice of basis set, no evaluation was done as previous TDDFT studies [20, 37] have reported that the use of extended basis set or the use of a triple-ζ basis set do not lead to significant changes in excitation energies. In fact, by adding diffuse function on oxygen (α s/p =0.0845) and nitrogen (α s/p =0.0639), the evaluated energy in vacuo was 2.633 eV. We then examined other functionals, e.g. B3LYP, PW91, BPW91, PBE and PBE0, but results from these calculations indicate that the choice of the functional has minimal influence on the calculated excitation energies, with a difference of only 0.0371 eV between the highest and lowest calculated values for the first excited state. Furthermore, BLYP with LC correction gave 2.597 eV, indicating that these contributions do not improve the quantitative agreement with experimental value. The present computational results are close to the PCM computations [20] . While the excitation energies in acetonitrile and in methanol slightly lower than those (2.75 and 2.77 eV, respectively), that in aqueous solution is almost the same although the hydrogen-bonding effect is taken into account in the present study. They reported that the excitation energy was overestimated with explicit water molecule. It should be noted that, as differentiated from the dielectric continuum model, the present RISM-SCF-SEDD method directly treats specific solvation at the molecular level. At all events we would like to emphasize that the trend of the solvation effect is adequately described with the present theory. It is noted that the reported value in Ref [19] is the absorption maximum of spectrum that is generally broad in solution phase. The computed value listed above corresponds to thermally averaged excitation energy, which is not necessary to be coincided with the absorption maximum because several sources are conceivable to broaden (and/or shift) the spectra in solution phase.
TDDFT computations clearly indicate that the absorption is attributed to HDOMO (the highest doubly occupied molecu- lar orbital)→SOMO in β electron, both of them localized in N-O· group. The former, HDOMO, is n orbital mainly located at the oxygen atom while the latter is π * orbital on the oxygen-nitrogen atoms. The orbital gap between them shows good correlation with the TDDFT results as shown in Table  III . Hence, there are two types of overlap between the orbitals of nitrogen and oxygen that make the bond order of the N-O atom pair almost 2, namely σ -bond and π-bond. But π * orbital is occupied by α electron and the presence of this unpaired electron on the anti-bonding π * orbital partly counteracts the bonding π orbital, slightly decreasing the π bond character. Bond order analysis of the N-O atom pair shows it has a bond order of 1.393 (vacuo), larger than a single bond but not quite a double bond. The character of the bond is affected by solvation, and the order is decreased as increasing the polarity of solvent, namely 1.390 (CH 2 Cl 2 ), 1.389 (CH 3 CN), 1.383 (CH 3 OH) and 1.375 (H 2 O). The energy shift of each orbital caused by solvation effect may not look simple at first glance but should be systematically understood [38] . Table IV summarizes the solvent effects on the computed dipole moment, Mulliken charge and atomic spin density of TEMPO. The oxygen is the most affected by the presence of water solvent and its Mulliken charge becomes slightly more negative on going from the gas phase into solution. The charges on N and the two α-C's (C3 and C8) are relatively unaffected by the presence of solvent but the charges on all the other C atoms are made slightly negative (not shown). The dipole moment is clearly enhanced on going from the gas phase to the aqueous solution. The largest contribution of the spin density is found at nitrogen atom whose charge is nearly zero. 
C. Solvation properties
In RISM-SCF combined with HNC closure, solvation free energy ∆µ is analytically given by Eq. (2). Since the expression is "formally" a sum of the solute-solvent site-site interactions, the contribution of a specific atom α to the solvation free energy is defined. As shown in Table V , the greatest single contribution to the negative free energy comes from the oxygen of TEMPO in methanol and aqueous solution. This observation however is not applicable to the dichloromethane and acetonitrile solutions. On the other hand, the contribution from nitrogen is generally small for all solvents considered in this study.
To explore the solvation effects of water in more detail, the site-site pair correlation functions (PCF) for all the combinations of atom pairs between TEMPO and the solvent water molecules are examined. Shown in Figure 2 is the PCF between the oxygen of the solute and the atoms of the solvent. The sharp peak around 1.9Å is an evidence of the strong hydrogen bond between the oxygen of the solute and the hydrogen in the solvent. The higher peak around 3.0Å is the O-Ow (solvent water oxygen) interaction between the solute and the solvent. It is interesting to note the broad peak around 6. between the nitrogen of the solute and the atoms of the solvent is shown in Figure 3 . The N-Hw is not as pronounced as the previous O-Hw peak. Clearly, the steric crowding by four methyl groups around the nitrogen makes it difficult for the nitrogen to interact with the solvent closely. This is consistent with the components of the solvation free energy. Since the solvation is a complex process, it is hard to directly relate the solvation structure and the spectral shift. The strong hydration on oxygen atom in aqueous solution may cause to stabilize n orbital (HDOMO), which is mainly localized on the oxygen and to widen the orbital gap between n and π * . Consequently the blue shift was observed.
The PCF between the carbons of the solute and the atoms of the solvent is shown in Figure 4 . The five different carbon types of TEMPO are visibly distinguished by their PCF. Four of them have similar sharp peak locations, differing only on the height of their peaks, but one has a peak that is visibly shifted away from the other carbons. This shifted peak is the PCF between the solvent oxygen and the solute carbon directly attached to the nitrogen. This is the carbon that has 2 methyl substituents. It is evident that steric considerations also hinder its close interaction with the solvent. Similar observation can be inferred from the PCF between the solvent hydrogen and the solute carbons, although the peaks are relatively less pronounced.
IV. CONCLUSIONS
We have examined the solvent effect of TEMPO, a wellknown stable free radical compound in solution phase. The computed excited energies in various solvent show good agreement with experimental values. The spectra is essentially attributed to the nπ * transition corresponding to HDOMO-LUMO transition in β -spin orbitals. The solvent effect on the spectrum is explained as the alteration of the corresponding orbital gap.
